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Abstract  ' 

.  /  V 

Th"^  method  of  photo fragment-transl at ional  spectroscopy  was 

used  in  a  molecular  beam  study  of  the  photochemistry  of  s- 

tetrazine.  Following  ^B-  (S,^S-  excitation)  or  ^B-^.  A^A 

3U  r  g  1  0  r  2U  -  g 

(248  nm  excitation) ,  s-tetrazine  reverts  to  the  highly  vibra- 
tionally  excited  ground  electronic  state  through  internal 
conversion,  then  decomposes  into  2HCN  +  N2  via  concerted  triple 
dissociation.  By  analyzing  the  experimental  data  with  a  simple 
model,  it  was  found  that  the  potential  energy  surface  along  the 
reaction  coordinate  after  the  transition  state  is  very  repul¬ 
sive,  leading  to  most  of  the  available  energy,  on  average  73.9% 

in  the  case  of  S^*-Sq  excitation,  going  into  translation.  The 

r" 

asymptotic  angles  between  N2  and  HCN  with  respect  to  the 
center-of-mass  of  s-tetrazine  were  117.2  ±  0.5*^  and  114.4;+^' 

0.5°  for  S^'h-Sq  and  248  nm  excitation  respectively. 

_ _ _  _ 
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I.  Introduction 


S-tetrazine  (ST)  is  a  member  of  the  family  of  nitrogen 

containing  compounds  known  as  azines  which  are  isoelectronic  to 

each  other  and  to  benzene,  and  has  long  attracted  attention 

from  chemists  due  to  its  structure  and  properties.  Since  the 

1  2 

pioneering  work  of  Mason  and  Spencer  ^  ,  this  molecule 

has  been  intensively  investigated  and  is  now  well  understood 

.  1  1 

spectroscopically  in  the  neighborhood  of  the  Ag(SQ) , 

and  states. 

In  contrast  to  the  spectroscopy,  a  consensus  has  not  been 

reached  on  the  photochemistry  of  ST,  as  far  as  the  dissociation 
.  3 

mechanism  is  concerned.  Since  an  extensive  review  of  the  con¬ 
troversy  over  the  suggested  dissociation  mechanism  has  been 

.  .  .  .  3 

given  in  a  recent  publication  by  Schemer  and  Schaefer  (SS) , 

we  will  only  emphasize  a  few  important  points. 

While  there  is  no  doubt  that  the  main  outcome  of  Sj^*-Sq 

excitation  is  dissociation,  and  that  the  products  are  HCN  and 

N^,  different  experiments  support  different  mechanisms  for  the 

reaction 

hJ/ 

ST  —  2HCN  +  N^.  (1) 

In  the  case  of  the  Sj^'^Sq  transition,  the  dissociation 
mechanisms  can  be  classified  into  two  categories. 

Mechanism  I:  One  photon  absorption  followed  by  internal 
conversion  (IC)  with  dissociation  occurring  on  the  S^  potential 
energy  surface  (PES) ,  i.e.. 
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Within  this  scheme, 


ST - -  [^A  ST]*  -  2HCN  +  N- 

g  2 

concerted  triple  dissociation 


(2) 


(3) 


is  the  most  plausible  pathway. 

Mechanism  II.  Sequential  two  photon  absorption  followed  by 
dissociation  through  an  intermediate  state  other  than  the 
ground  state 


ST 


hi/ 


X  ST 


—  2HCN  +  N2, 


(4) 


where  is  the  intermediate  state. 

The  strongest  support  for  mechanism  I  to  date  is  the 
theoretical  calculation  by  Scheiner,  Scuseria,  and  Schaefer 
(SSS).^^  Using  standard  double  f  and  double  f  plus  polariz¬ 
ation  basis  sets,  they  carried  out  self-consistent  field  and 
configuration  interaction  calculations  on  ST.  SSS  were  able  to 
locate  the  transition  state  for  triple  dissociation  on  the  S^ 

PES,  which  is  energetically  accessible  by  excitation 

.  3 

and  leads  to  ground  electronic  state  products.  SS  also 
calculated  the  exothermicity  of  reaction  (1) .  Fig.  1  presents 
an  energy  diagram  according  to  the  literature  and  the  results 


n 

□ 


Codes 


of  SS  and  SSS. 
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Support  for  mechanism  II  came  from  a  molecular  beam 

14 

photofragmentation  experiment  by  Glownia  and  Riley  (GR) .  In 
their  experiment  a  molecular  beam  of  ST  from  an  effusive  source 
(at  SO-C)  was  irradiated  in  a  vacuum  chamber  by  a  pulsed  NdiYag 
laser  at  either  the  second  harmonic  (532  nm)  or  the  fourth 
harmonic  (266  nm)  frequency.  The  most  interesting  result  that 
GR  obtained  is  that  the  time-of-flight  (TOF)  spectra  of  HCN  at 
both  laser  wavelengths  were  almost  identical,  with  an  obvious 
bimodal  shape.  The  spectrum  of  HCN  contains  a  very  fast  narrow 
peak  and  a  broad  slow  tail,  while  the  TOF  spectra  of  have 
only  one  component.  Based  on  their  analysis,  GR  argued  for 
mechanism  II  with  532  nm  excitation  and  assigned  the  inter¬ 
mediate  state  in  reaction  (4)  as  a  ^62^  state,  the  same 
state  reached  by  one  photon  excitation  at  266  nm.  GR  argued 
further  that  the  dissociation  is  a  stepwise  process: 

ST  -  HCNN2  +  HCN  -»  2HCN  +  N2 .  (5) 

Faced  with  the  inconsistencies  between  theory  and  experi¬ 
ment,  a  new  experiment  with  better  characterized  experimental 
conditions  has  been  carried  out.  As  indicated  by  the  title, 
our  investigation  has  confirmed  that  s-tetrazine  undergoes 
concerted  triple  dissociation,  supporting  the  scheme  of 
mechanism  I.  Furthennore,  our  results  suggest  that  the 
photochemistry  upon  excitation  follows  the  same  route 

as  with  the  ^B_  ♦-^A  transition. 

3u  g 

It  has  been  a  challenge  to  analyze  concerted  triple 
dissociation  product  velocity  and  angular  distributions 
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obtained  in  molecular  beam  experiments.  Recently,  a 

concerted  triple  dissociation  similar  to  reaction  (3)  was 
observed  where  the  three  fragments  were  identical,  so  that 
the  inherent  three-fold  symmetry  allowed  analysis  to  be  carried 
out  simply  and  accurately.  For  the  analysis  of  the  results 
obtained  in  this  experiment  and  other  molecular  beam  exper¬ 
iments  where  triple  dissociation  is  involved,  a  simple  general 
and  realistic  model  is  developed. 

II .  Experimental 

The  experimental  apparatus  has  been  described  in  detail 
elsewhere.  Briefly,  a  molecular  beam  and  a  laser  beam  were 
crossed  at  90“  in  a  vacuum  chamber.  Dissociation  products 
passed  through  the  aperture  of  the  detector  chamber  at  a 
variable  angle  with  respect  to  the  molecular  beam.  The  neutral 
products  were  then  ionized  in  an  electron  bombardment  ionizer, 
mass  selected  by  a  quadrupole  mass  filter,  and  detected  with  a 
Daly-type  ion  counter.  A  multichannel  scaler  interfaced  with 
an  LSI-11  microcomputer  recorded  the  arrival  time  of  the  signal 
relative  to  the  laser  pulse  to  obtain  the  TOF  spectra.  The 
distance  between  the  interaction  region  and  the  ionizer  is  36.7 
cm.  The  angle  between  the  molecular  beam  and  the  detector  is 
variable  between  0“  and  90*,  allowing  us  to  detect  even  those 
products  with  very  small  center-of-mass  (c.m.)  translational 
energies.  Installation  of  a  liquid  helium  cooled  cryopanel 
opposite  the  entrance  slit  to  the  detector  not  only  greatly 
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reduces  the  background,  but,  more  importantly,  prevents 
dissociation  products  which  scatter  in  the  opposite  direction 
to  the  detector  from  bouncing  back  into  the  detector  to  create 
false  signal.  In  order  to  reduce  the  velocity  spread  of  the  ST 
beam  and  the  chances  of  forming  ST  dimer,  ST  was  held  at  20  °C, 
He  was  used  as  a  carrier  gas  with  a  total  pressure  of  about  100 

Torr,  and  the  nozzle  temperature  was  kept  at  78  “C.  With  the 

.  .  5 

above  conditions  the  average  beam  velocity  was  1.5  x  10  cm/sec 

with  an  8%  FWHM  velocity  spread. 

For  the  excitation  of  the  transition,  a  Lambda 

Physik  FL2002  dye  laser  was  used  with  Coumarin  540A  (Exciton) , 

pumped  by  a  Lambda  Physik  EMG  103  MSC  excimer  laser  operated  at 

308  nra  with  a  repetition  rate  of  100  Hz.  The  linewidth  of  the 

dye  laser  was  about  0.2  cm”^,  and  the  laser  was  tuned  to 

18128.0  cm  ^  for  the  0-0  transition  and  18830.9  cm  ^  for  the 

1  .  .  5 

ea^  transition.  A  Glan-Taylor  polarizer  was  used  to  obtain 
linearly  polarized  light  in  different  directions.  The  laser 
beam  was  adjusted  to  a  1  mm  diameter  spot  at  the  crossing  point 
with  the  molecular  beam. 

To  study  the  ^®2u‘~^^g  same  excimer  laser 

was  used  with  krypton  fluoride  at  248  nm,  where  the  absorption 
.  .  2 

of  ST  IS  almost  at  a  maximum.  A  MgF  prism  was  used  to 
separate  the  vertically  and  horizontally  polarized  laser  beam, 
and  the  beam  with  the  desired  polarization  was  focused  to  1  mm 
X  3  mm  in  the  interaction  region. 

ST  was  synthesized  according  to  the  method  given  by 
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2  .... 
Spencer  ^  The  precursor,  s-tetrazine  dicarboxylic  acid, 

was  made  in  advance  and  ST  was  prepared  fresh  from  the  precur¬ 
sor  immediately  before  each  experiment. 

III.  Results  and  analysis 

A.  General  features 

All  the  TOF  spectra  of  mass-to-charge  ratio  (m/e)  =  27 
(HCN^) ,  two  of  which  are  shown  in  Fig.  2,  and  of  m/e  =  26 
(CN^) ,  which  are  identical  to  that  of  m/e  =  27,  consist  of  a 
single  fast  sharp  peak.  TOF  spectra  of  m/e  =  28  (N2^)  are  also 
composed  of  only  one  peak,  slightly  broader  and  slower  than 
that  of  the  corresponding  HCN,  and  two  examples  are  also  shown 
in  Fig.  2.  A  search  for  fragments  with  m/e  >  28  was  carried 
out,  but  no  signal  was  detected.  The  single  fast  peak  in  all 
the  TOF  spectra  implies  a  one-step  triple  dissociation  with 
large  recoil  velocity. 

The  TOF  spectra  due  to  excitation  of  two  vibrational  bands 

in  the  transition  (hereafter  0-0  and  SaJ  are  used  to 

stand  for  the  respective  bands  of  the  <-^A  transition)  look 

j  u  g 

the  same.  The  peak  positions  in  the  TOF  spectra  of  the 
products  from  248  nm  excitation  are  similar  to  those  from 
excitation,  but  the  widths  of  the  peaks  are  broader  at  248  nm 
than  that  at  S^<-Sq  excitation.  The  polarization  angle  of  the 
laser  affects  neither  the  signal  level  nor  the  shape  of  the  TOF 
spectra  much  for  HCN  at  all  laser  frequencies,  but  it  does 
strongly  affect  the  signal  level  at  248  nm. 
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At  the  normal  output  energy  of  the  dye  laser  (about  10 
mJ/pulse)  the  dissociation  is  highly  saturated  for  both  0-0  and 
ea^.  In  order  to  study  the  power  dependence  and  to  eliminate 
saturation  effects,  neutral  density  filters  were  placed  in  the 
path  of  the  laser  beam  and  the  HCN  fragment  intensity  was 
measured  over  a  wide  range  of  laser  powers.  The  shape  of  the 
HCN  TOF  spectra  was  unchanged  over  the  entire  range.  The 
dependence  of  the  photolysis  signal  on  the  laser  power  for  0-0 
plotted  in  Fig.  3  approaches  linearity  as  the  laser  power 
approaches  zero,  providing  unambiguous  evidence  that  the  dis¬ 
sociation  of  ST  following  ©^citation  is  a  one  photon 

event . 

The  laser  power  dependence  at  248  nm  showed  similar 
behavior,  that  is,  saturation  occurred  at  laser  energies  above 
3  mJ/pulse,  and  the  dependence  approached  linearity  when  the 
laser  power  was  reduced  below  3  mJ/pulse. 

To  prevent  complications  from  saturation,  the  laser  power 
was  kept  in  the  linear  region  when  the  laboratory  angular 
dependence  (varying  the  angle  between  the  molecular  beam  and 
the  detector)  and  laser  polarization  dependence  (varying  the 
angle  between  the  electric  vector  of  the  laser  and  the  detec¬ 
tor)  were  measured  for  both  248  nm  and  excitation. 

B.  Simple  model  for  analysis  of  triple  dissociation 

It  is  well  known  that  in  a  two-body  dissociation  process 
momentum  and  energy  conservation  uniquely  determine  the 
relationship  between  the  two  fragments.  When  three  particles 
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recoil  from  each  other  simultaneously,  the  situation  becomes 
more  complicated,  because  unless  the  three  velocity  vectors  of 
the  recoiling  particles  are  measured  simultaneously,  it  is 
difficult  to  get  the  translational  energy  distribution  of  the 
whole  system  from  the  measured  individual  velocity  distribu¬ 
tions  of  the  fragments  as  can  be  done  for  two-body  disso¬ 
ciation. 

Consider  a  molecule  simultaneously  dissociating  into 
particles  1,  2  and  3  with  masses  m^,  m2  and  m^  respectively.  A 
diagram  of  the  dissociation  process  in  velocity  space  is  shown 
in  Fig.  4,  where  u^,  and  are  the  direction  vectors  of  the 
asymptotic  velocities  of  particles  1,  2  and  3  in  a  body-fixed 
c.m.  frame  respectively,  a  and  ^  are  the  angles  between  u°  and 
u”  and  between  u”  and  u”  respectively,  and  S  =  ir-a  and  7  = 

At  this  geometry  the  c.m.  translational  energy  is 

=  1/2  m^(uj)2  +  1/2  in2(u°)2  +  1/2  (6) 

and  by  momentum  conservation, 

0  .  ,  0  . 

m2U2Sin5  =  m^u^sin^ 

m^u®  =  m2U2Cos5  +  m2U2COS7,  (7) 

where  u°,  u^  and  u°  are  the  magnitudes  of  the  asymptotic 
velocities  of  the  particles  1,  2  and  3  respectively. 

If  7+5  #  0,  from  (6)  and  (7)  we  have 


= 


m,  y  m -  •  2 , 

,  1  1  ^  „  1 - (Si5.£  ^ 

^  ^  sin^(i+«)  “3 


When  7+5  =  0,  the  relation  between  and  u^  becomes  uncertain, 
but  in  the  special  situation  when  u^  =  u®,  the  problem  reduces 
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to  a  two-body  problem  corresponding  to  the  dissociation  of  the 
molecule  into  m^^  and  m2+m2,  and  the  following  equation  can  be 
used, 


^  _  mi  in^+in2+ni3 

2  m2+’m3“^^l^  ' 


7+5  =  0 . 


(9) 


If  the  molecule  dissociates  through  only  one  asymptotic 

geometry,  namely  one  set  of  a  and  the  data  analysis  would  be 

.  .  .  19 

straightforward,  using  the  method  for  two-body  dissociation 
with  proper  modification. 

In  a  real  system,  although  the  angles  a  and  $  in  indi¬ 
vidual  dissociation  events  may  vary,  for  a  simultaneous  triple 
dissociation  the  geometry  must  follow  a  certain  distribution 
with  respect  to  the  two  angles  a  and  /9  as  well  as  E^,  say, 
F(a,0;E^) .  Therefore  one  way  to  approach  the  problem  of  data 
analysis  is  to  find  F(a,/9;E^)  and  to  convolute  the  appropriate 
distribution. 

In  practice,  however,  there  are  some  difficulties  finding 
F(ci(,;S;E^)  :  it  does  not  treat  the  three  particles  equivalently. 
In  the  case  where  we  do  not  know  much  about  the  structure  and 
interaction  potential  of  the  transition  state,  we  do  not  have 
any  clue  how  will  look,  and  it  is  not  known  whether 

F(a,^;E^)  is  separable  into  F(q,^;E^)  =  f  (a,E^)g(i8,E^)  . 

To  avoid  this  problem  we  assume  that  at  a  fixed  total 
internal  energy  there  is  a  most  probable  dissociation  geometry 
with  reference  angles  and  We  also  assume  that  the 

distribution  of  geometries  does  not  depend  on  the  translational 


energy  and  can  be  described  by  three  factors  which  are  func¬ 
tions  of  5,  T]  and  (f)  respectively,  i.e., 


(10) 


where  9,  ri  and  i  are  the  angles  between  a  particular  asymptotic 
geometry  of  m^^,  m2  and  m^  and  the  most  probable  asymptotic 
geometry  as  shown  in  Fig.  4. 

Since  G(d,T),<f>)  treats  the  three  particles  independently 
and  consists  of  distributions  about  the  most  probable  values, 
we  assume  that  the  G^^'s  in  equation  (10)  have  the  same  mathe¬ 
matical  form,  and  that  Gaussian  functions  can  be  used  as  an  ap¬ 
proximation. 


Gi(x)  =  ;  i=l,2,3. 


(11) 


where  is  a  normalization  factor  and  is  a  width  parameter. 
Because  it  successfully  fit  the  data,  Eqn.  (11)  is  the  only 
functional  form  that  we  tried. 

The  angular  distribution  of  the  dissociation  products  for 
an  electric  dipole  transition  in  a  space-fixed  c.m.  coordinate 
frame  has  been  expressed 

P(cosn)  =  (l/45r)  (1  +  2bP2(cosn))  ,  (12) 

where  n  is  the  polar  angle  of  the  direction  of  the  fragments 
when  the  z  axis  is  chosen  along  the  electric  field  vector  of 
the  linearly  polarized  light,  ^2^^^  second  Legendre 

polynomial,  and  b  is  defined  by 


b  =  b'P2(cosr) 


(13) 


where  r  is  the  angle  between  the  transition  dipole  and  the 
recoil  velocity  in  a  body  fixed  c.m.  coordinate  system,  and  b' 


is  a  parameter  which  basically  describes  rotation  and  relaxa¬ 
tion  effects  of  the  energized  molecule.  This  interpretation 
has  been  rigorously  verified  for  diatomic  molecules. 
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For  the  triple  dissociation  of  ST,  let  us  consider  that  ST 

with  a  transition  dipole  along  m  absorbs  a  photon  with  electric 

field  along  «.  The  absorption  probability  is  proportional  to 
*  *  2 

(^•0  in  a  classical  picture,  or  in  the  conventional  form 

Pabs^^'"^  =  (1/4t)  (l+2P2(Ai-0)  /  (14) 

where  angular  distribution  of  absorption. 

After  absorption  the  molecule  can  undergo  a  series  of  struc¬ 
tural  changes  before  it  dissociates.  We  will  assume  that  the 
lifetime  of  the  molecule  is  long  enough  for  the  following 
discussion.  Fig.  5  shows  relevant  relations,  where  repre¬ 
sents  the  direction  from  the  c.m.  of  the  molecule  to  the  c.m. 
of  the  group  of  atoms  which  will  be  detected,  at  the  moment  of 
photon  absorption,  and  T  is  the  analogous  direction  at  the 
transition  state.  Because  the  orientation  of  the  molecules  in 
space  is  isotropic,  the  initial  directions  of  which  lead  to 
the  transition  state  along  T  are  along  circle  1  in  Fig.  5. 

This  means  that  the  corresponding  initial  direction  of  the 
transition  dipole  n  is  along  circle  2,  with  9^  the  angle 
between  and  T.  The  probability  of  a  transition  state  along  T 

is  the  average  of  equation  (14)  over  circle  2,  which  is 

.  22 
simply 


P‘(T.£)  =  (l/47r)  (l+2P2(/i-T)P2{T.€)  )  .  (15) 

If  the  asymptotic  geometry  is  different  from  the  transi- 
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tion  state  geometry,  there  is  an  angle  between  T  and  u  ,  the 
asymptotic  velocity  of  the  detected  fragment  in  the  body-fixed 
c.m.  coordinate  system.  This  difference  is  the  result  of 
intramolecular  relaxation  and  internal  motion  near  the  transi¬ 
tion  state.  The  probability  of  a  fragment  along  u®  is  (15) 
averaged  over  circle  3,  which  is 

P*0(U°.€)  =  (1/4t)  (l+2P2(;i-T)P2(T.U®)P2(U°.e))  .  (16) 

The  physical  basis  of  Eqn.  (16)  is  that  molecular  rotation  and 

internal  motion  of  the  molecule  cause  randomization  of  the 

direction  of  the  tangential  component  of  the  fragment  recoil 

velocity.  This  is  an  implicit  effect  which  makes  the  average 

along  circle  3  valid  and  is  not  directly  reflected  in  the 

formula.  In  general,  the  magnitude  of  P2(T*u®)  is  different 

for  each  individual  fragment,  and  we  call  it  the  local  aniso- 

.  20  21 

tropy  parameter.  Then,  as  in  previous  papers  '  we  introduce 
the  parameter  b^^  to  account  for  the  smearing  out  effect  of 
molecular  rotation  on  the  angular  distribution  of  the  photofra¬ 
gment  in  a  space-fixed  frame,  which  we  call  the  direct  effect 
of  molecular  rotation  on  the  anisotropy.  Mathematically,  b^^  is 
the  result  of  the  transformation  of  the  c.m.  coordinate  system 
from  the  body-fixed  frames  to  the  space-fixed  frame,  summed 
over  all  possible  relations  between  the  different  frames. 
Therefore,  the  photofragment  c.m.  angular  distribution  in  the 
space-fixed  frame  is 

P‘(U-€)  =  (1/4t)  (l+2b^P2(M-T)P2(T.U°)P2(U.O)  ,  (17) 

where  u  is  the  unit  vector  of  the  asymptotic  c.m.  velocity  of 
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the  fragment  in  the  space-fixed  frame.  According  to  the  above 
physical  and  mathematical  explanations,  is  the  same  for  all 
the  fragments,  and  we  call  b^^  the  global  anisotropy  parameter. 
It  is  emphasized  that  where  the  implicit  effect  of  molecular 
rotation  is  important,  Eqn.  (17)  reveals  information  about  the 
geometry  of  the  transition  state.  By  measuring  the  laboratory 
angular  dependence  and/or  laser  polarization  dependence,  9^  can 
be  obtained  within  the  above  approximation. 

Obviously,  there  is  a  distribution  between  u°  and  T,  and 
according  to  our  approximation  it  is  related  to  G  {9 ,  t)  ,  (i>)  of 
Eqn.  (10).  Therefore,  to  get  the  overall  probability  of  signal 
at  direction  u,  Eqn.  (17)  should  be  averaged  over  the  distribu¬ 
tion  function  (10) .  since  the  further  derivation  to  obtain  the 

TOF  distribution  is  similar  to  that  for  two-body  dissociation 

.  .  19 

which  IS  presented  elsewhere,  only  the  final  formula  is 

given. 


vf  ‘ 

=  <=n,l  t'  !  u-" 


Nb  ( Vb ,  ^3)  G  (5 ,  ?; , ^)  dVgdWgd^drjd^dWjjj^ , 


(18) 


where  calculated  TOF  spectrum  of  ion 

signal  from  m^^,  t  is  the  arrival  time,  is  the  detector  solid 
angle,  v^  and  u^^  are  the  laboratory  and  c.m.  velocities  of  m^^ 
respectively,  is  a  constant  for  each  m/e,  Pg(E^)  is  the 

product  c.m.  translational  energy  distribution,  N„(V_,w„)  is 

D  O  O 

the  reactant  laboratory  velocity  distribution  as  a  function  of 

the  velocity  V_  and  solid  angle  of  the  molecular  beam,  w  . 

o  D  ml 


is  the  laboratory  solid  angle  of  in  velocity  space,  and 


=  mj 


1  + - - 

sin^(5+7)  3  2  J 


6+7  =  0. 


(19) 


C.  Analyzed  results 
a.  excitation 

After  the  above  discussion  we  can  start  to  analyze  the 
data  using  the  triple  dissociation  mechanism.  Since  the 

transition  dipole  is  perpendicular  to  the  molecular 
plane,  it  must  also  be  perpendicular  to  the  recoil  directions 
of  all  the  fragments  at  the  transition  state,  provided  that  the 
transition  state  is  planar,  as  has  been  calculated  by  SSS.^® 

As  mentioned  before,  at  the  transition  the  dependence  of 

the  signal  on  the  laser  polarization  angle  is  very  weak, 
indicating  that  the  lifetime  of  the  energized  molecule  is  much 
longer  than  its  rotational  period.  From  this  fact  we  can  im¬ 
mediately  conclude  that  the  absolute  value  of  the  global 
anisotropy  parameter  b^^ ,  which  is  the  same  for  both  HCN  and  N2 , 
is  very  small,  and  the  data  is  not  sensitive  to  the  geometry  of 
the  transition  state.  We  did  not  collect  any  angular  or 
polarization  dependence  data  for  N2,  because  it  would  not 
provide  any  more  information  and  the  detection  of  N2  is  much 
more  difficult  due  to  high  detector  background. 

Testing  different  sets  of  parameters,  we  found  that  the 
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peak  positions  in  the  TOF  spectra  are  very  sensitive  to  and 

Although  the  TOF  spectra  of  N2  do  not  have  good  signal- 

to-noise,  it  was  found  that  in  order  to  fit  all  the  TOF 

spectra,  the  deviation  in  and  must  be  less  than  0.5'  from 

the  best  values.  Setting  all  the  to  the  same  value,  within 

the  range  0  <  <  5.2°,  it  was  always  possible  to  fit  the  data 

by  adjusting  the  translational  energy  distribution,  Pg(E^) . 

But  if  the  constraint  of  maximum  translational  energy  (E  )  is 

max 

imposed,  both  the  P„(E_)  and  cr.  are  uniquely  determined  within 
experimental  error.  For  example,  at  a  given  the  has 

uncertain  within  ±0.2°.  The  high  sensitivity  of  the  fit  to  a^, 
and  provides  a  sensitive  probe  of  the  detailed  dissocia¬ 
tion  dynamics. 

The  exothermicity  of  reaction  (1)  is  not  experimentally 

known,  although  there  are  some  estimates  and  theoretical 
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calculations.  '  The  theoretical  prediction  given  by  SS  is 

57.4  kcal/mol,  which  should  be  within  a  few  kcal/mol  of  the 

true  value.  From  this  experiment  an  accurate  value  for  the 

exothermicity  of  reaction  (1)  cannot  be  obtained  due  to  the 

fact  that  E  ,  ,  and  er.  are  correlated,  but  in  order  to  fit  the 
max  1 

data  the  exothermicity  of  the  reaction  must  range  between  47.5 
and  68.3  kcal/mol,  which  correspond  to  =  5.2°  and  0° 
respectively,  if  the  E^^^^  corresponds  to  all  the  available 
energy  in  translation. 

With  the  exothermicity  given  by  SS,  a  set  of  parameters 
was  obtained  by  fitting  the  experimental  TOF  spectra  and  is 


listed  in  Table  1.  Examples  of  the  fits  of  the  individual  TOF 
spectra  are  given  in  Fig.  2.  The  Pg(E^)  to  fit  the  Sa^  data  is 
plotted  as  curve  (a)  in  Fig.  6.  Fig.  7  shows  the  laser  polar¬ 
ization  dependence  of  HCN  at  a  laboratory  angle  of  20°  .  The  b^^ 
value  obtained  is  in  the  range  from  0  to  0.13.  The  near  zero 
value  of  b^  is  a  reflection  of  the  near  isotropic  dissociation. 

The  immediate  conclusion  from  Fig.  6  is  that  most  of  the 
available  energy  is  channeled  into  translation  in  the 

transition.  This  is  in  good  agreement  with  the  observation  by 

24  .  .  . 

Coulter  ^  that  the  population  of  products  excited  in  the 

stretching  modes  is  low.  The  average  translational  energy  from 

eaj  excitation  is  82.2  kcal/mol,  which  is  73.9%  of  the  total 

available  energy  of  111.2  kcal/mol,  implying  a  very  repulsive 

PES  along  the  reaction  coordinate  after  the  transition  state. 

Data  from  ea^  and  0-0  give  the  same  information  except  that 

Emax  adjusted  correspondingly. 

b.  248  nm  excitation 

At  248  nm,  the  transition  is  and  the  transition 

2u  g 

dipole  is  along  the  y  axis  of  the  molecule  (see  Fig.  5  for  the 
definition  of  the  coordinates) .  The  situation  concerning 
anisotropy  of  different  fragments  is  more  interesting  than  in 
the  case  of  the  transition  ,  and  we  observed  different 

polarization  dependence  for  HCN  and  N^,  as  shown  in  Table  2. 

At  248  nm  it  was  impossible  to  simultaneously  fit  the  TOF 
spectra  of  HCN  and  Nj  assuming  the  same  for  both  the  frag¬ 
ments.  Although  the  peaks  in  the  TOF  spectra  do  not  change 


very  much  between  248  nm  and  excitation,  the  and 

deriveu  from  the  data  are  noticeably  different  for  the  two 
wavelengths.  The  parameters  which  give  the  best  fit  are  listed 
in  Table  1  and  examples  of  the  fits  to  the  individual  spectra 
are  shown  in  Fig.  2.  The  Pg(E^)  used  to  fit  the  data  is 
presented  as  curve  (b)  in  Fig.  6. 

Comparing  the  two  P„(E„) 's  in  Fig.  6,  it  can  be  seen  that 
the  energy  distribution  at  248  nm  is  much  broader  than  that 
from  excitation.  However,  even  though  the  photon  energy 

at  248  nm  is  more  than  twice  that  of  excitation,  the 

energies  of  the  peaks  of  the  Pg(E^) 's  are  similar.  The  average 
translational  energy  release  at  248  nm  excitation  is  96.2 
kcal/mol  or  55.8%  of  the  available  energy,  172.4  kcal/mol.  The 
similarity  of  the  peak  translational  energies  at  both  248  nm 
and  S^«-Sq  excitation  is  a  very  important  phenomenon  which  will 
be  discussed  later. 

Simulating  the  experimental  results  with  the  above  model, 
we  found  that  the  fit  to  the  individual  TOF  spectra  does  not 
depend  strongly  on  information  concerning  the  transition  state, 
but  because  for  248  nm  excitation  the  transition  dipole  is  in 
the  plane  of  the  molecule  and  since  the  signal  level  strongly 
correlates  with  the  laser  polarization  angle,  the  laser 
polarization  dependence  is  very  sensitive  to  the  angle  For 

N2  we  set  to  0”,  since  if  the  change  in  geometry  leading  to 
the  transition  state  is  defined  within  C2^  symmetry  (correct 
according  to  SSS^^) ,  the  N2  must  remain  aligned  in  the  direc- 


tion  of  n  in  the  body-fixed  c.m.  frame.  Therefore,  from  the 
fit  to  the  N2  data,  =  0.65  ±  0.05  in  Eqn.  (17)  is  obtained 
first,  which  we  assume  to  be  the  same  for  HCN.  Then  we  use 
this  bj^  to  fit  all  the  HCN  data  by  adjusting  for  HCN  which 
is  also  the  angle  between  the  HCN  and  N2  groups  at  the  transi¬ 
tion  state.  By  this  procedure,  a  value  of  121.3  ±  1*  for  9^  is 
obtained.  The  laboratory  angular  distributions  of  HCN  for  both 
horizontally  and  vertically  polarized  light  are  plotted  in  Fig. 
8.  Similar  to  Fig.  7,  the  signal-to-noise  ratio  in  Fig.  8  is 
not  very  satisfactory,  since  the  laser  power  was  set  low  to 
avoid  saturation  and  the  molecular  beam  density  was  rather  low 
due  to  the  low  vapor  pressure  of  ST.  Long  time  averaging  at 
one  time  is  impossible  due  to  the  small  amounts  of  ST  obtained 
in  each  batch. 

IV.  Discussion 

Using  our  model,  the  experimental  data  are  successfully 
interpreted  by  concerted  triple  dissociation  (TD) .  However,  we 
would  like  to  determine  the  boundary  between  TD  and  two-body 
sequential  dissociation  (SD) ,  since  at  the  limit  of  an  infinit¬ 
esimal  interval  between  the  primary  and  secondary  steps  of  SD, 
TD  and  SD  both  offer  the  same  physical  picture. 

Attempts  were  made  to  fit  the  data  as  a  process  involving 
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secondary  dissociation,  '  although  we  did  not  find  any 

signal  for  the  intermediates  of  either  reaction  (5)  or  (20) . 

ST  -  N2  +HCNNCH  -  N2  +  2HCN  .  (20) 


These  attempts  were  all  unsuccessful  for  a  variety  of  reasons, 
such  as  the  trial  distributions  being  unphysical,  the  distribu¬ 
tions  which  fit  one  fragment  could  not  fit  its  counterpart,  or 
the  simulated  laboratory  angular  distribution  or  polarization 
dependence  did  not  agree  with  the  experimental  results.  Our 
conclusion  is  that  neither  reaction  (5)  nor  (20)  is  consistent 
with  our  observations. 

In  fact,  reaction  (5)  can  easily  be  rejected,  because  we 
would  expect  to  see  two  different  kinds  of  HCN  fragments,  but 
the  results  do  not  show  this  at  all.  Reaction  (20)  must  be 
considered  more  carefully.  In  our  experimental  set  up,  if 
every  dissociation  event  maintains  symmetry,  TD  is  egui- 
valent  to  SD  with  the  constraint  that  secondary  dissociation 
occurs  only  in  a  direction  perpendicular  to  the  primary  recoil 
velocity  and  the  primary  and  secondary  E^'s  are  strongly 
correlated  with  each  other. 

Using  mechanism  (20) ,  the  TOF  spectra  of  N2  were  fit  first 
to  obtain  a  primary  Pg(E^)  and  an  anisotropy  parameter  b^. 

With  those,  the  HCN  TOF  spectra  were  then  fit  by  adjusting  the 
secondary  Pg(E^)  and  c.m.  angular  distribution. 

For  0-0  and  6aQ,  it  was  possible  to  fit  all  the  data  this 
way.  In  Fig.  9  the  secondary  c.m.  angular  distribution  which 
fits  the  SaJ  data  is  presented,  where  the  distribution  was  made 
as  broad  as  possible  using  the  narrowest  possible  secondary 
Pg(E^)  for  the  purpose  of  the  following  argument.  The  secon¬ 
dary  products  are  sharply  distributed  perpendicular  to  the 
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primary  velocity  vector,  implying  that  the  secondary  process  in 
the  SD  scheme  is  strongly  correlated  to  the  primary  process. 

If  we  assume  that  all  the  secondary  recoil  events  occurred 
perpendicular  to  the  primary  recoil  direction,  and  that  the 
width  of  the  secondary  angular  distribution  in  Fig.  9  was  due 
only  to  the  rotation  of  HCNNCH,  we  can  estimate  the  time.  At, 
from  the  start  of  the  primary  recoil  to  the  end  of  the  secon¬ 
dary  recoil,  and  estimate  how  far  the  fragments  would  fly  away 
from  each  other  during  this  time  assuming  that  they  had  reached 
their  asymptotic  velocity.  At  is  estimated  to  be  0.3  psec, 
with  a  displacement  within  a  few  angstroms.  The  values 
estimated  above  are  rather  crude,  but  in  any  event  the  time  and 
distance  are  so  short  that  it  is  inappropriate  to  consider  the 
process  separated  in  the  sense  of  SD.  Moreover,  because  the 
bond  energy  of  any  bond  in  ST  is  expected  to  be  much  higher 
than  the  ea^  photon  energy  of  53.8  kcal/mol,  SD  is  energe¬ 
tically  unlikely  for  S^«-Sq  excitation. 

For  248  nm  excitation,  the  data  cannot  be  fit  using 
mechanism  (20) .  We  can  fit  the  TOF  spectrum  of  HCN  at  one 
laboratory  angle  and  one  polarization  angle  by  the  same  method 
as  above,  but  it  is  impossible  to  simulate  the  TOF  spectra  at 
all  angles  using  the  same  set  of  parameters.  The  calculated 
laboratory  angular  distribution  and  laser  polarization  depen¬ 
dence  of  the  signal  just  did  not  agree  with  the  experimental 
results,  because  of  the  observed  anisotropy  which  is  different 
from  that  for  S^«-Sq  excitation. 
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According  to  SSS's  orbital  correlation  diagram^®  neither 
1  1 

82^  nor  correlate  adiabatically  with  the  product  ground 

states  if  symmetry  is  maintained  throughout  dissociation. 

As  shown  in  Fig.  1,  the  energy  of  the  S^«-Sq  transition  is  lower 
than  the  energy  required  to  populate  the  lowest  excited 
(singlet)  states  of  the  products,  so  that  it  is  impossible  to 

produce  electronically  excited  product  molecules.  It  has  been 

25  ,  .  5 

reported  that  the  rate  of  relaxation  from  the  state  is  10 

times  that  from  the  state.  Therefore,  the  path  of  dissocia¬ 
tion  after  intersystem  crossing  is  not  important  and  the 
dissociation  must  occur  on  the  PES  after  IC.  Experiments  as 
well  as  theory  show  '  '  that  there  is  strong  interaction 
between  the  Sq  and  electronic  states  and  that  IC  is  the  main 
deactivation  pathway  for  Combined  with  the  previous 

studies,  our  experiment  provides  convincing  evidence  for  the 
mechanism  described  by  equations  (2)  and  (3) . 

We  have  found  no  other  experimental  studies  of  the  photo¬ 
chemistry  of  that  of  GR.  The  energy  at  248  nm 

is  high  enough  to  allow  one  of  the  HCN  molecules  to  be  elec¬ 
tronically  excited.  As  shown  in  Fig.  6,  the  minimum  transla¬ 
tional  energy  released  in  248  nm  photolysis  is  37.0  kcal/mol. 
Even  if  all  the  remaining  energy  went  into  electronic  excita¬ 
tion,  it  would  still  be  13.6  kcal/mol  less  than  that  needed  to 
reach  the  first  excited  singlet  state  of  HCN.  Therefore,  it  is 
almost  certain  that  no  electronically  excited  products  are 
formed  at  248  nm  either.  Since  the  ^82^  state  does  not 


23 


correlate  with  ground  state  products,  it  is  unlikely  that  the 
dissociation  is  directly  from  ^82^  reactant  to  products,  even 
though  calculations  predict  that  there  should  be  two  imaginary 

vibrational  modes  on  the  PES  within  the  constraint  of  D-. 

2u  2h 
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symmetry.  As  pointed  out  in  many  previous  studies,  ' 

the  translational  energy  release  mainly  correlates  with  the 
exit  barrier  along  the  reaction  coordinate  and  is  less  inf¬ 
luenced  by  the  excess  energy  when  there  is  an  appreciable  exit 
barrier.  If  both  dissociation  processes  occur  on  the  PES 
and  the  lifetime  is  long  enough  to  allow  substantial 
intramolecular  vibrational  redistribution,  the  peak  positions 
of  the  Pg{E^) 's  should  be  similar,  because  the  fragments 
experience  the  same  exit  barrier.  The  excess  energy  is  mainly 
distributed  throughout  all  the  internal  modes  (including  the 
reaction  coordinate) .  Thus,  the  most  obvious  difference 
between  different  internal  energies  for  the  same  transition 
state  is  that  the  higher  the  energy  the  broader  the  distribu¬ 
tion,  while  the  change  in  the  peak  position  will  be  much 
smaller  than  the  change  in  the  excess  energy.  Applying  this 
idea  to  ST,  it  is  obvious  that  the  dissociation  dynamics 
following  the  two  electronic  excitation  are  qualitatively  very 
similar.  Further  evidence  is  that  the  angle  between  N2  and  HCN 
at  the  transition  state  is  121.3  ±  1’  at  248  nm,  which  is 
fairly  close  to  120.1’’,  the  value  calculated  from  the  transi¬ 
tion  state  geometry  provided  by  SSS.^^  Therefore,  we  suggest 
that  the  dissociation  mechanism  following  ^®2u*~^^g 
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is  the  same  as  that  for  excitation,  i.e.,  IC  to  ground 

state  ST  and  triple  dissociation  to  ground  state  products. 

The  parameter  gives  an  idea  of  how  fast  dissociation 
occurs  with  respect  to  the  rotational  period.  For 
excitation,  <  0.13  implies  that  dissociation  is  much  slower 
than  the  rotational  period  of  the  parent  molecule.  For  248  nm 
excitation,  b^  =  0.65  indicates  that  the  products  still  have  a 
strong  "memory”  of  the  initial  orientation,  implying  that  the 
dissociation  lifetime  following  excitation  is  com¬ 

parable  to  or  less  than  the  rotational  period.  Assuming  that 

30  . 

RRKM  theory  is  applicable  in  predicting  rate  constants  for 

triple  dissociation,  we  can  use  a  reasonable  set  of  vibrational 

31  .  .  ... 

frequencies  and  the  potential  barrier  (shown  in  Fig.  1)  given 

by  SSS^^  to  estimate  the  RRKM  dissociation  lifetime.  Our 

calculation  gives  RRKM  dissociation  lifetimes  for  triple 

dissociation  of  50  nsec  and  0.2  psec  for  0-0  and  248  nm 

excitation  respectively.  Although  a  lifetime  of  0.2  psec  is 

questionable  because  RRKM  theory  may  not  be  valid  on  such  a 

short  timescale,  the  predicted  lifetime  for  0-0  transition  is 

reasonable.  The  fluorescence  lifetime  from  the  state  has 

7 

been  measured  to  be  on  the  order  of  0.1  -  1  nsec.  Thus,  the 
molecule  has  plenty  of  time  to  randomize  its  energy  after  IC  in 
the  case  of  excitation.  At  248  nm,  the  value  of  b^ 

implies  that  IC  rate  is  probably  on  the  same  order  of  magnitude 
as  that  of  dissociation  after  IC. 

It  is  instructive  to  compare  the  geometry  change  through 
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the  dissociation.  The  angles  between  the  HCN  and  N2  groups  for 
the  most  probable  asymptotic  geometries  at  248  nm  and 
excitation  and  the  geometry  of  the  transition  state  obtained  in 
this  experiment  are  114.4°,  117.2°,  and  121.3°  respectively. 

The  asymptotic  angles  are  smaller  than  at  the  transition  state, 
and  the  higher  the  available  energy  the  smaller  the  angle, 
which  implies  that  the  repulsion  between  two  HCN  is  stronger 
than  that  between  HCN  and  N2  during  the  process  of  the  molecule 
breaking  the  conjugated  r-a  bond  system.  Comparison  of 
between  the  two  laser  wavelengths  (in  Table  1)  indicates  that 
at  248  nm,  because  of  the  higher  available  energy,  the  molecule 
can  dissociate  from  configurations  which  deviate  more  from  the 
lowest  energy  ST  structure,  and  the  dissociation  becomes  more 
asymmetric.  These  observations  are  consistent  with  our 
intuition  and  provide  a  vivid  picture  of  the  dynamics  of  ST 
triple  dissociation. 

V.  Conclusions 

This  experimental  study  has  confirmed  that  the  s-tetrazine 
photodissociation  is  a  concerted  triple  dissociation.  To 
analyze  the  experimental  results,  a  simple  model  is  proposed 
which  has  proven  to  be  fruitful  and  sensitive  to  the  experimen¬ 
tal  data.  It  is  found  that  information  on  both  the  detailed 
dissociation  dynamics  and  the  transition  state  can  be  derived 
in  certain  systems  using  this  model.  An  improved  analysis  of 
the  physical  significance  of  the  anisotropy  parameter  is  given. 
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where  the  relation  between  the  anisotropy  parameter  and  the 
geometry  of  the  transition  state  is  explicitly  constimcted. 
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Table  2.  Laser  polarization  dependence 
for  248  nm  excitation  at  20* 


Laser  polarization 

Signal 

Counts 

HCN 

^2 

Vertical^ 

1.00 

1.00 

Horizontal 

0.84 

4.52 

a 


Set  to  1.00 
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Figure  captions 


Fig.  1 


Fig.  2 


Fig.  3 


Fig.  4 


Fig.  5 


Energy  diagram  of  ST  photodissociation  with  energies 
in  kcal/mol. 

TOF  spectra  at  a  laboratory  angle  of  20*.  The 

scattered  circles  are  the  experimental  data  and  the 

solid  lines  are  the  fits  with  the  triple  dissociation 

11  1 

mechanism.  The  TOF  spectra  shown  for  6a-  (  B_  «-  A  ) 

0  3u  g 

excitation  were  taken  using  vertically  polarized 
light,  and  for  248  nm  excitation  horizontally 
polarized  light  was  used. 

Laser  power  dependence  of  the  HCN  signal  for  the  0-0 
)  transition  at  20®  with  the  laser  verti- 

3u  g 

cally  polarized. 

Asymptotic  geometry  in  velocity  space  for  triple 
dissociation,  u®,  u®  and  u®  are  the  unit  recoil 
velocity  vectors  in  a  particular  dissociation  event, 
while  Uj  and  are  the  reference  velocity  vector 
corresponding  to  the  most  probable  dissociation 
geometry.  The  other  variables  are  explained  in  the 
text. 

Diagram  of  the  relations  between  fragments  from 
photon  absorption,  through  the  transition  state,  to 
the  asymptotic  geometry.  The  direction  of  the 
transition  dipole  in  the  figure  corresponds  to  the 


case  of  B-  ♦-  A  UV  excitation.  All  symbols  are 
2u  g 

explained  in  the  text. 

Triple  dissociation  Pg(E^) 's  used  to  fit  the  data. 
Curve  (a)  is  for  eaj  excitation,  and  curve 

(b)  is  for  248  run  excitation. 

Polarization  dependence  of  HCN  signal  for  the  0-0 

transition  at  a  laboratory  angle  of  20". 
Points  are  experimental  data  and  the  line  is  the  fit 
using  b^  =  0.13  and  other  parameters  in  Table  l.  If 
b^  =  0,  the  fit  would  be  a  horizontal  straight  line. 
Laboratory  angular  distribution  of  HCN  at  248  nm. 
Points  are  experimental  data  and  the  lines  are  the 
fits  using  the  parameters  in  Table  1.  V  and  H  stand 
for  vertically  and  horizontally  polarized  laser  beams 
respectively.  For  an  isotropic  product  distribution, 
the  two  lines  would  be  identical. 

The  secondary  c.m.  angular  distribution  of  HCN  used 
to  fit  the  OSq  data  by  sequential  reaction 

mechanism  (20) ,  where  0"  corresponds  to  the  direc¬ 
tion  of  the  primary  recoil  vector  of  H_C  N_ . 


OTAL  SIGNAL  (counts/pulse) 
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LASER  POWER  (mJ/pulse) 
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Fig  3 


TOTAL  SIGNAL  (arb.  units) 
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Fig  5 
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Fig  5 
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r.eaction  (3)  in  the  text 


